Abstract: 7-Amino-4-methylcoumarin (AMC) was previously shown to suppress pro-inflammatory cytokine production and prevent death in an endotoxic shock model in mice. In the present study, we investigated the effectiveness of AMC as a potential cytokine modulator in alleviating autoimmune diseases. We examined the efficacy and cytokine-modulatory activity of AMC in collagen-induced arthritis (CIA) in mice. Mice were immunized with type II collagen. AMC at 0, 3, or 30 mg/kg was administered orally to the immunized mice once daily for three weeks before and/or three times daily for two weeks after the onset of CIA. The development of arthritis of the paws and cytokine levels in serum were examined. AMC significantly reduced the incidence and severity of CIA prophylactically and therapeutically, and suppressed the rise of systemic interleukin-6 and interferon-levels to the basal levels in the early phase of CIA. AMC also significantly suppressed the level of tumor necrosis factor-in the severe phase of CIA. However, the levels of interleukin-10 and anti-collagen antibody were not affected by AMC. In the early phase of CIA, the suppression of interleukin-6 and interferon-levels by AMC correlated with the amelioration of symptoms of CIA in a dose-dependent manner. AMC may inhibit the onset of cytokine-mediated disease rather than suppressing disease progression without toxicity or affecting anti-collagen antibody production. AMC was significantly effective against CIA in mice and confirmed to possess cytokine-modulatory activity in vivo. The results suggest that AMC is a potential therapeutic agent for autoimmune diseases.
INTRODUCTION
Cytokines play important roles in modulating immune responses and influence the establishment of host-defense system against infection. They also have primary roles directly or indirectly in the pathogenesis of inflammatory and autoimmune diseases [1] [2] [3] [4] [5] [6] . Thus, the modification of cytokine production in cytokine-mediated diseases may contribute to the understanding of their pathogenesis and provide information to improve the treatment of cytokine-mediated diseases.
We have been studying the roles of traditional medicines in modification of the course of viral infection by assessing antiviral activity and cytokine levels [7] [8] [9] [10] [11] [12] [13] . Cinnamyl derivatives and related compounds originating from herbal medicines were demonstrated to possess antipyretic activity by suppressing the rise of interleukin (IL)-1 production subsequent to the interferon (IFN)-production that was induced by influenza infection in mice [7] [8] [9] . The cinnamyl derivatives were suggested to contribute to the modification of cytokine production and alleviation of infection without affecting basal cytokine levels. Among these compounds, 7-amino-4-methylcoumarin (AMC), a semisynthetic derivative *Address correspondence to this author at Department of Biochemistry, School of Pharmaceutical Sciences, Kyushu University of Health and Welfare, 1714-1 Yoshino, Nobeoka, Miyazaki 882-8508, Japan; Tel: +81-982-23-5574; Fax: +81-982-23-5684; E-mail: b2mk@phoenix.ac.jp of coumarin, prevented death without toxicity in an endotoxic shock model in mice and suppressed the rise in levels of systemic pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-, without affecting basal cytokine levels [13] . AMC was suggested to be a potential cytokine modulator.
Collagen-induced arthritis (CIA) in mice has been used as a model of inflammatory polyarthritis with similarities to rheumatoid arthritis (RA) to evaluate the importance of the inflammatory cytokines [14] . Anti-cytokine therapy for RA [15] and analysis of IL-6-deficient mice [16, 17] showed that pro-inflammatory cytokines are important mediators of the pathogenic process. This murine model is also useful to evaluate the in vivo cytokine-modulatory activity of AMC and its therapeutic efficacy. Thus, in this study, to evaluate the potential of AMC for the treatment of autoimmune diseases, we examined its cytokine-modulatory and therapeutic activities in a CIA model.
MATERIALS AND METHODOLOGY

Mice
Female DBA/1 mice (7-week-old, 15-17 g, Charles River, Yokohama, Japan) were housed 5 per cage at 23±2°C with food and pyrogen-free water ad libitum and under a 12 h light/12 h dark diurnal cycle (light at 7.00 a.m.). The mice were acclimated for at least 5 days before starting an ex-perimental procedure. The experimental protocols were approved by the Animal Experiment Committee of University of Toyama and Kyushu University of Health and Welfare, Japan, and their animal experimentation guidelines were followed in the animal studies.
Compound
AMC (purity, 99%; Sigma, St. Louis, MO, USA, Fig. 1 ) was suspended in 5% gum arabic and orally administered to mice. As a control, 5% gum arabic was used. 
CIA Model in Mice
The efficacy and cytokine-modulatory activity of AMC were examined in a CIA model in mice. DBA/1 mice were primed by an intradermal injection of 0.2 ml of an emulsion consisting of equal volumes of Freund's complete adjuvant (Difco, Detroit, MI, USA) and 2% bovine collagen type II (Elastin Products, Owensville, MO, USA) dissolved in 0.1 M acetic acid [18] . Three weeks later, the mice were boosted intradermally with the same amount of the emulsion. AMC administration was prophylactically and therapeutically performed before and after, respectively, the onset of arthritis when swelling of the paws was initially observed. In the case of prophylactic administration, AMC at 0, 3, or 30 mg/kg was administered orally once daily for three weeks after priming and then three times daily for two weeks after the booster. In the case of therapeutic AMC administration, AMC at 0 or 30 mg/kg was administered to immunized mice for one week from day 27 after the onset of arthritis. Mock-immunized mice (n=5) were administered AMC at 0 or 30 mg/kg in the same manner as immunized mice to evaluate the toxicity of AMC. Each mouse was weighed daily after the booster. Each paw was assessed once daily for development of arthritis and scored simultaneously at least by two persons as: 0, no swelling; 1, swelling of one or two toes or slight swelling of the ankles; 2, swelling of one or two toes accompanied by slight or moderate swelling of the ankles; or 3, extensive swelling of the paws. The score of each mouse was expressed as the sum of the scores for four paws [18] .
For joint-degeneration analysis, the paws of 6 mice in each group were extirpated at about 8 mm above the wrist and ankle joints after exsanguination, and the paws were weighed on day 35 after priming. Forty-two joints per mouse, the forepaw carpus, five metacarpals, and four proximal phalanges (2nd to 5th) and the hindpaw calcaneus, tarsus, five metacarpals, and four proximal phalanges (2nd and 5th) were subjected to radiographic analysis [18] . The numbers of degenerated joints were determined. The paws were fixed in buffered formalin and decalcified in 5% EDTA. The paws were subsequently embedded in paraffin, sectioned, stained with hematoxylin and eosin, and analyzed histologically.
Enzyme-Linked Immunosorbent Assay (ELISA) of Serum
On days 27, 31, and 41 after priming, serum was drawn from 4 to 7 mice in each group, and the concentrations of cytokines (IL-6, IL-10, IFN-, and TNF-) were determined using ELISA kits (Amersham Pharmacia Biotech, Buckinghamshire, England, or BioSource, Camarillo, CA) according to the manufacturer's instructions. Detection sensitivities of the kits were IL-6, 4 pg/ml; IL-10, 30 pg/ml; IFN-, 0.7 pg/ml; and TNF-, 8 pg/ml.
In addition, the amount of anti-collagen type II antibody in serum from 5 mice in each group on days 27, 31, and 41 after priming was determined by an ELISA method as described previously [19] . Briefly, 96-well microtiter plates were coated with 50 μl of collagen type II at 200 g/ml in phosphate-buffered saline (PBS) overnight at 4°C. The plates were washed with PBS and blocked with 3% skim milk in PBS, and then sera diluted with PBS (100 μl) were incubated at 37°C for 1 h. Wells were washed extensively and incubated with peroxidase-conjugated rabbit anti-mouse immunoglobulin (DAKO A/S, Denmark) for 1 h at 37°C. After washes with PBS, the enzyme reaction was performed and the absorbance of the reaction mixture was measured at 490 nm.
Statistical Analyses
Student's t-test was used to evaluate the significance of the differences in mean cytokine levels on days examined, mean weights of paws, numbers of degenerated joints, and mean absorbances at 490 nm for anti-collagen IgG. A repeated measures two-way ANOVA (RM-ANOVA) was used to analyze the interaction between mean scores in treated and control groups for 15 days after the second immunization. Statistical differences in the incidences of collagen-induced arthritis were evaluated using Fischer's exact test. A p-value of less than 0.05 was statistically defined as significant.
RESULTS
Efficacy of AMC on CIA
We evaluated the efficacy of AMC in a CIA model in DBA/1 mice. In collagen-immunized mice, mild inflammatory arthritis affecting either the toes or metatarsophalangeal joints had developed by 26 days post-priming, and severe deforming arthritis was observed within 35 days of priming. In histological analysis of the joints, the immunized mice without AMC administration exhibited inflammatory cell infiltrate with prominent pannus formation on day 41, and the joint space was filled with granulation tissue compared with mock-immunized mice without AMC administration ( Fig. 2A and B) . Further, the articular cartilage had disappeared, and granulation tissue had grown into the subchondral marrow of the bone. However, the immunized mice with AMC administration showed minimal pannus formation, and the articular cartilage was relatively well preserved ( Fig. 2C  and D) . Our clinical assessments were confirmed histologically.
Prophylactic and therapeutic administration of AMC at 30 mg/kg significantly reduced the incidence of CIA compared with AMC at 0 mg/kg (p<0.05, Table 1 ). AMC at 30 mg/kg was significantly effective in reducing the total weight of the four paws and the amount of joint degeneration on day 35 (p<0.05 and 0.005, respectively, Table 1 ). The development of CIA was significantly retarded by AMC at 3 and 30 mg/kg in a dose-dependent manner (p<0.02 and 0.002, respectively, Fig. 3A) . The significant reductions in the incidence and retardation of CIA by AMC at 30 mg/kg were confirmed by repeated experiments. There was no significant difference between the mean weights of mockimmunized mice administered AMC at 0 and 30 mg/kg once daily for three weeks and three times daily for two weeks (18.3±0.3 g and 17.6±0.4 g, respectively). No significant difference in the amounts of anti-collagen IgG in sera on days 27, 31, and 41 was found in mice treated with and without AMC at 30 mg/kg (Table 1) , although there was a trend for anti-collagen IgG to decrease in AMC-administered CIA mice. Further, therapeutic administration of AMC at 30 mg/kg from the onset of mild inflammatory arthritis (day 27) significantly reduced the progression of arthritis severity (P<0.03, Fig. 3B) . Thus, AMC protected mice from the onset of CIA and exhibited therapeutic efficacy against CIA in mice without toxicity or affecting antibody production against collagen.
Effect of AMC on Pro-Inflammatory Cytokine Production in CIA
Levels of pro-inflammatory cytokines (TNF-and IL-6) in the serum of immunized mice with and without AMC treatment in the CIA model were compared. In immunized mice not treated with AMC, the TNF-level increased from day 27 to day 31 and the level remained elevated on day 41 (Fig. 4A) . However, the TNF-level in the mice treated with AMC at 30 mg/kg was significantly lower on day 41 than that in the mice not treated with AMC (p<0.05), and the level was similar to the basal level in mock-immunized mice. In immunized mice treated with AMC at 3 mg/kg, the TNFlevel was also reduced on day 41 although the difference was not statistically significant. On days 27 and 31, a significant reduction of TNF-levels was not observed in mice treated with AMC at 3 or 30 mg/kg, although the level of TNFwas slightly reduced on day 31in the mice administered AMC at 30 mg/kg. Thus, AMC was effective in reducing the TNF-level in the severe phase of CIA in a dose-dependent manner.
The IL-6 level decreased from day 27 to day 41 in immunized mice not administered AMC. Administration of AMC at 30 mg/kg significantly reduced the IL-6 level on days 27 and 31 (p<0.05, Fig. 4B ). AMC at 3 mg/kg also reduced the IL-6 level on day 27, but the reduction was not statistically significant compared with that in the mice not administered AMC (P=0.058, Fig. 4B) . Thus, AMC was effective in reducing the IL-6 level in the early phase of CIA in a dose-dependent manner.
Effect of AMC on Th1/Th2 Cytokine Production in CIA
The effects of AMC at 30 mg/kg on the systemic levels of IFN-(Th1 cytokine) and IL-10 (Th2 cytokine) were examined during the course of arthritis to evaluate the effect of 
(A) (B) (C) (D)
AMC on the changes in the Th1/Th2 immune responses, which are associated with the severity of arthritis. We determined the levels of IFN-and IL-10 using same serum samples that were used for the determination of proinflammatory cytokine levels (Fig. 4) . However, the variations in the levels of IFN-and IL-10 in each group appeared to be larger than those in the levels of proinflammatory cytokines ( Table 2 ). The larger range may be due to individual differences in mice rather than inappropriate preparation of sera samples. The IFN-level in immunized mice administered AMC was significantly lower than that in the mice not administered AMC, and the reduced level was similar to that of mockimmunized mice on day 27 (p<0.05, Table 2 ). On day 31, the IFN-level in immunized mice administered AMC was also lower than that of immunized mice without AMC although the reduction was not statistically significant. However, no significant reduction of the IL-10 level was observed in AMC-treated mice on days 27 and 31 ( Table 2) . Thus, AMC at 30 mg/kg was significantly effective in reducing systemic IFN-to the basal level in the early phase of CIA.
DISCUSSION AND CONCLUSION
We evaluated the cytokine-modulatory and therapeutic activities of AMC in a CIA model. AMC suppressed the rise of systemic levels of inducible TNF-, IL-6, and IFN-and protected mice from CIA. The suppression of TNF-, IL-6, and IFN-levels correlated with the amelioration of symptoms of arthritis in a dose-dependent manner. Thus, AMC may be a potential therapeutic agent for autoimmune diseases such as RA. Fig. (4) . Suppression of TNF-(A) and IL-6 (B) production by AMC in mice treated with collagen. AMC at 0 ( ), 3 ( ), or 30 mg/kg ( ) was orally administered to immunized mice after priming. Mock-immunized mice ( ) were administered 5% gum arabic. Sera were prepared from 4 to 7 mice in each group on days 27, 31, and 41 after priming. The concentrations of TNF-(A) and IL-6 (B) in sera are expressed as the mean±SEM. *p<0.05 vs. mockimmunized mice by Student's t-test.
Prophylactic and therapeutic oral administration of AMC at 3 and 30 mg/kg protected DBA/1 mice from CIA. No significant weight changes of mock-immunized mice were observed due to the oral administration of AMC at 30 mg/kg compared with control, indicating that AMC is not toxic. AMC at 30 mg/kg exerted a significant suppressive action on the swelling of paws in the early phase of arthritis (Table 1) . Finally, AMC reduced the incidence of arthritis, and the efficacy of AMC was associated with the protection of joints from severe damage ( Table 1) . When 30 mg/kg AMC was orally administered immediately after the onset of arthritis, the severity of arthritis was significantly ameliorated (Fig.  1B) . During the development of arthritis in immunized mice, mild inflammation of the joints, manifested as swelling of the paws, developed initially, and then severe deforming arthritis was observed. Thus, AMC appeared to be effective in suppressing the onset of arthritis. The significant reduction in the incidence of arthritis and the significant protection against severe damage might result from suppression of the initial development of arthritis. Therefore, the efficacy of AMC given orally and therapeutically may render it a candidate for the treatment of autoimmune diseases such as RA.
Cytokines, especially pro-inflammatory cytokines, play a pivotal role in the pathology of RA [20] . Their biological Fig. (3) . (A) Prophylactic and therapeutic protection against CIA by AMC. AMC at 0 ( ), 3 ( ), or 30 mg/kg ( ) was orally administered to immunized mice (n = 7 or 8 per group) after priming as described in Materials and Methods. Mock-immunized mice ( ) were administered 5% gum arabic. Progression scores of diseases are expressed by the mean score±SEM of mice in a group. *p<0.02 and **p<0.002 vs. AMC at 0 mg/kg by RM-ANOVA. (B) Therapeutic protection against collagen-induced arthritis by AMC. AMC at 0 ( ) or 30 mg/kg ( ) was therapeutically administered to immunized mice (n = 7 or 8 per group) from day 27 after the onset of arthritis as described in Materials and Methods. Mock-immunized mice ( ) were administered 5% gum arabic. The development of arthritis is expressed by the mean score±SEM. *p<0.03 vs. AMC at 0 mg/kg by RM-ANOVA.
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Mea n score * * * actions appear to contribute to acute and chronic inflammation, cell proliferation, and tissue destruction/fibrosis in the pathology of RA. IL-6 plays a key role in the development of arthritis [16, 17] . A high level of IL-6 was observed in both the serum and synovial fluids of RA patients [20] and was suggested to be useful marker for RA activity [21] . In this study, AMC at 30 mg/kg significantly suppressed the rise in the IL-6 level in serum at the onset of CIA (Fig. 2B) , and the suppression correlated with the reduction in the severity of arthritis. In our murine CIA model, the systemic IL-6 level was higher at the onset of CIA than at the phase of severe arthritis, and this high level was significantly suppressed by AMC to the level of the control mice (Fig. 2B) . Thus, the efficacy of AMC was related to the systemic suppression of the IL-6 level in mice. Further, the administration of AMC from the onset of mild inflammatory arthritis significantly reduced the severity of CIA (Fig. 1B) . AMC was suggested to inhibit the onset of CIA, possibly by suppressing the elevation of IL-6 levels at the initiation of arthritis. The diseasepromoting role of TNF-in RA has been well established [22] , and agents that reduce levels of systemic TNF-are in clinical use [23] . TNF-is easily detectable in synovial fluid [24, 25] , and many investigators have demonstrated the worsening of CIA following treatment with TNF- [26, 27] . The systemic TNF-level was higher in the late phase of CIA than at the onset in our murine CIA model, and the high level was significantly suppressed to the level of control mice by AMC ( Fig. 2A) . AMC might also contribute to suppression of the severity of CIA. Previously we showed that a coumarin derivative, 7-hydroxycoumarin, reduced the rise of the systemic IL-1 level in influenza virus-infected mice and exhibited an antipyretic effect but did not inhibit cyclooxygenase activity and fever induction in IL-1 -injected mice, in contrast to aspirin [7, 9] . This suggested that the antiinflammatory activity of coumarin derivatives might not be like that of aspirin. Thus, the AMC action suppressing the elevated cytokine level might be independent of antiinflammatory activity.
IL-6 acts locally and systemically as a stimulator of not only B cell function but also T cell function [28] . The severity of CIA is associated with a strong Th1 type response with a high level of IFN-and negligible production of Th2 type cytokines such as IL-4 and IL-10 [29] . IFN-has been suggested to be a key factor mediating susceptibility to CIA [30] . When we examined the effect of AMC on the levels of IFN-and IL-10, Th1 and Th2 cytokines, respectively, in serum during arthritis, the IFN-level was significantly reduced in AMC-treated mice at the onset of arthritis, while no significant reduction of the IL-10 level was observed ( Table 2) . This is consistent with the report that the severity of CIA was not associated mainly with the production of Th2 type cytokines [29] . Further, the level of anticollagen IgG in serum was not significantly affected by AMC administration (Table 1) . Thus, AMC might weaken the Th1 immune response at the onset of arthritis and contribute to the significant reduction of the incidence and progression of CIA.
AMC significantly reduced systemic levels of IL-6, TNF-, and IFN-in the CIA model ( Figs. 2A and B and Table 2 ). Previously, AMC was shown to inhibit transcription of IL-1 , TNF-, and IL-6 in lipopolysaccharide-treated murine macrophage-like P388D1 cells [13] . In a murine endotoxin shock model, AMC administration suppressed the rise of IL-6 and TNF-levels in serum [13] , but it did not affect the basal levels of IL-1 , TNF-, and IL-6 in normal mice [13] . Thus, the differences may be due to the inducing stimuli, the target cells, and their sensitivity to AMC. AMC may have a novel ability to modulate cytokine levels only in response to specific stimuli without affecting the basal levels.
In this study, we demonstrated that AMC exhibited therapeutic efficacy against CIA. The results presented here suggest that the cytokine-suppressive activity of AMC is associated with its efficacy. AMC reduced the rise of systemic levels of IL-6, TNF-, and IFN-to their basal levels in the serum of normal mice ( Fig. 2A and B and Table 2 ). AMC is a cytokine modulator specific to inducible cytokines, especially pro-inflammatory cytokines, in cytokinemediated diseases, and may be a potential therapeutic agent for cytokine-mediated diseases.
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